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lin-1 encodes an ETS domain transcription factor that functions downstream of a Ras/MAP kinase pathway mediating induction of the 1-
cell fate during vulval development in the C. elegans hermaphrodite. Mutants lacking lin-1 activity display a phenotype similar to that caused
by mutations that constitutively activate let-60 Ras consistent with a model in which lin-1 is a repressor of the 1- fate whose activity is
inhibited by phosphorylation by MPK-1 MAP kinase. Here, we show that, contrary the current model, lin-1 is required positively for the
proper expression of several genes regulated by the pathway in cells adopting the 1- cell fate. We show that the positive requirement for lin-1
is downstream of let-60 Ras and mpk-1 MAP kinase, and that it has a focus in the vulval precursor cells themselves. lin-1 alleles encoding
proteins lacking a docking site for MPK-1 MAP kinase are defective in the positive function. We also show that lin-1 apparently has both
positive and negative functions during the specification of the fates of other cells in the worm requiring Ras/MAP kinase signaling.
D 2005 Elsevier Inc. All rights reserved.Keywords: C. elegans; lin-1; Ras; eor; let-60Introduction
During vulval development in the C. elegans hermaph-
rodite, P6.p is induced to adopt the 1- cell fate by a cell in
the somatic gonad, the anchor cell (AC) (Kimble, 1981).
Signaling between the AC and P6.p is mediated by a ligand
in the TGFa superfamily, LIN-3 (Hill and Sternberg, 1992).
LIN-3 acts by activating a conserved RTK/Ras/MAP kinase
signaling pathway involving the proteins LET-23 RTK,
SEM-5 Grb2, LET-341 Sos, LET-60 Ras, KSR-1, Lin-45
Raf, MEK-2 MAP kinase kinase and MPK-1 MAP kinase
(Moghal and Sternberg, 2003). A major target of the
pathway in P6.p is LIN-1, an ETS domain transcription
factor (Beitel et al., 1995). Loss-of-function mutations in
lin-1 cause ectopic induction of the 1- fate, a phenotype
similar to that caused by mutations that constitutively
activate LET-60 Ras (Han et al., 1990). The lin-1 loss-of-0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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MAP kinase signaling suggesting that lin-1 acts as a
repressor of the 1- fate whose activity is inhibited by the
pathway. LIN-1 binds in vitro to LIN-31, a forkhead-like
transcription factor (Tan et al., 1998). Both LIN-1 and LIN-
31 are direct targets of MPK-1 MAP kinase; phosphoryla-
tion of LIN-1 by MPK-1 disrupts the complex allowing
LIN-31 to promote the 1- cell fate (Tan et al., 1998). Con-
sistent with this model, lin-1 gain-of-function mutations that
encode proteins lacking a docking site for MPK-1 MAP
kinase, like reduction of function mutations in let-60, inhibit
the induction of the 1- fate (Jacobs et al., 1998, 1999). It is
thought that these mutations prevent efficient phosphoryla-
tion of LIN-1 in response to signaling and thereby interfere
with its inactivation. Sumoylation of the protein is also
necessary for its ability to inhibit VPCs from adopting the 1-
cell fate (Leight et al., 2005).
Although the lin-1 loss-of-function phenotype suggests
that lin-1 negatively regulates the 1- cell fate, Howard and
Sundaram (2002) have shown that in the background of a
mutation in eor-1 or eor-2, lin-1 also appears to have a86 (2005) 338 – 351
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scription factor that functions downstream of both Ras and
WNT signaling pathways during induction of the 1- cell
fate; eor-2 encodes a novel protein (Howard and Sun-
daram, 2002). Animals lacking maternal and zygotic
activity of both lin-1 and eor-1 or eor-2 die as L1 or L2
larvae. This lethality is rescued by materal lin-1 activity,
however, and such maternally rescued lin-1 eor-1 or lin-1;
eor-2 double mutant hermaphrodites display mixed Multi-
vulva and Vulvaless phenotypes. These observations
suggest that, in the absence of eor gene activity, lin-1
may have both positive and negative roles in specifying the
1- cell fate. Interestingly, lin-31 has both negative and
positive functions in VPC fate specification (Miller et al.,
1993).
Besides mediating induction of the 1- cell fate during
vulval development, the Ras/MAP kinase pathway also
mediates a number of other cell–cell communication events
in C. elegans (Moghal and Sternberg, 2003). In the
hermaphrodite, in addition to P6.p, the pathway is required
for the fates of a number of other cells to be specified.
These include a neuroectoblast, P12 (Jiang and Sternberg,
1998), four mesodermal cells in the somatic gonad, uv1
(Chang et al., 1999), and two descendants of P6.p, P6.pap
and P6.ppa (Wang and Sternberg, 2000). In the male, Ras/
MAP kinase signaling is required for the proper specifica-
tion of four cells in the tail region that give rise to part of
the spicules (Chamberlin and Sternberg, 1994), and for the
fates of cells in the preanal ganglion equivalence group
(PAG). In both sexes, Ras activity is required for the
specification of the fate of a cell in osmoregulatory system,
the excretory duct cell (Yochem et al., 1997). Besides its
involvement in these cell specification events, Ras is also
required for germ cells to exit the pachytene stage of
meiosis (Church et al., 1995), and for proper migration of
the sex myoblasts (Sundaram et al., 1996), two mesodermal
cells that, in the hermaphrodite, give rise to the muscles that
open the vulva during egg-laying. There is also evidence
that Ras/MAP kinase signaling is involved in establishing
the polarity of early blastomeres in the embryo (Page et al.,
2001).
lin-1 loss-of-function mutations can suppress the larval
arrest phenotype caused by loss-of-function mutations in
mek-1 (Kornfeld et al., 1995) or ksr-1 (Sundaram and Han,
1995) consistent with a function for lin-1 downstream of the
Ras pathway in the embryo or early larva. lin-1(gf)
mutations cause defects in the patterning of P6.pap and
P6.ppa suggesting that lin-1 is a target of the pathway in
specifying the fates of these cells (Wang and Sternberg,
2000). However, whether lin-1 acts downstream of the Ras/
MAP kinase pathway during other cell fate specification
events, and whether the gene acts negatively or positively
have not been established.
Here, we report that contrary to a model in which LIN-1
acts purely as an inhibitor of the 1- cell fate, even in a wild-
type eor background, lin-1 null mutations cause changes ingene expression in P6.p similar to those seen in animals in
which Ras/MAP kinase signaling is reduced. We have also
analyzed the role of lin-1 in other cell–cell communication
events in the worm known to require Ras/MAP kinase
signaling. Our results suggest that LIN-1 acts in several but
not all of these events and that, as in P6.p, the gene appears
to have both positive and negative functions.Materials and methods
Genetic manipulations
Methods for the culture and manipulation of C. elegans
worms were as described (Brenner, 1974). Strains were
grown at 20- unless otherwise noted. Mutations used in this
study were: LG1, lin-44(n1792) (Herman et al., 1995), smg-
1(r861) (Pulak and Anderson, 1993), unc-54(r293) (Pulak
and Anderson, 1993), ayIs4 (Burdine et al., 1998); LGII,
lin-31(n301) (Miller et al., 1993), rrf-3(pk1426) (Simmer et
al., 2002), let-23(n1045) (Ferguson and Horvitz, 1985),
unc-4(e120) (Miller et al., 1992); LGIII, daf-7(e1372ts)
(Golden and Riddle, 1984), syIs90 (Inoue et al., 2002), ncl-
1(e1865) (Hedgecock and Herman, 1995), mab-5(e2088)
(Kenyon, 1986), egl-5(n486) (Chisholm, 1991), unc-
36(e251) (Brenner, 1974), unc-32(e189) (Brenner, 1974),
zhIs4 (Berset et al., 2001), lin-12(n941) (Greenwald et al.,
1983), lin-12(n676n930) (Sundaram and Greenwald, 1993);
LGIV, lin-1(e1275) (Horvitz and Sulston, 1980), lin-
1(e1777), lin-1(n176, ar147, n383, n1047, n431, n303,
n757, n304, sy254) (Ferguson and Horvitz, 1985), lin-
1(n1761gf, n1790gf) (Jacobs et al., 1998), eor-1(cs28)
(Howard and Sundaram, 2002), lip-1(zh15) (Berset et al.,
2001), unc-24(e138) (Brenner, 1974), let-60(s1124) (Clark
et al., 1988), let-60(n1046gf) (Ferguson and Horvitz, 1985),
dpy-20(e1282ts, e1362ts) (Clark et al., 1995), unc-22(e66)
(Brenner, 1974), unc-31(e169) (Brenner, 1974); LGV,
gaIs36 (Lackner and Kim, 1998), sid-1(qt2) (Winston et
al., 2002), him-5(e1490) (Hodgkin et al., 1979); LGX,
syIs59 (Inoue et al., 2002), lin-15(n309, n765ts) (Ferguson
and Horvitz, 1985).
Lineage analysis and scoring of cell fates
Observations and lineage analysis were carried out at
room temperature (20.5–22.5-C). The P11 and P12 cell
fates were scored according to the criteria of Jiang and
Sternberg (1998). Cells were scored as excretory duct cells
following Yochem et al. (1997). Observations of living
animals by Nomarski differential interference or fluores-
cence microscopy were made as described (Sulston and
Horvitz, 1977) using a Leica DMRB compound micro-
scope. Images were collected with a CCD camera (Kappa),
transferred to a computer running Kappa Imagebase
software (Kappa). Images were processed with Photoshop
5.0 (Adobe, Inc.).
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A hairpin double stranded lin-1 RNA was expressed in
the VPCs using the method of Tavernarakis et al. (2000).
Early egl-170gfp expression was analyzed in a strain of the
genotype ayIs4[egl-170gfp]; rrf-3(pk1426); sid-1(qt2);
svEx349. rrf-3(pk1426) increases the effect of RNAi on
lin-1 (Simmer et al., 2002). sid-1(qt2) prevents the spread-
ing of the RNAi effect between cells (Winston et al., 2002).
svEx349 is an extrachromosmal array harboring the
plasmid, pVB201ST, from which a hairpin lin-1 dsRNA is
expressed under the control of the lin-31 promoter. This
promoter is active in the VPCs but not in the anchor cell or
hyp7 (Miller et al., 1993).Results
lin-1(0) mutations cause defects in gene expression
consistent with a positive role for lin-1 in specifying the 1-
cell fate
Activation of the Ras/MAP kinase pathway in P6.p
causes induction of expression of the reporter gene, egl-
170gfp in this cell (Burdine et al., 1998). The expression of
the reporter in P6.p and its descendents is termed Fearly
expression_ (Burdine et al., 1998). In hermaphrodites
carrying mutations that reduce Ras/MAP kinase signaling,
expression of egl-170gfp fails to be induced in P6.p or its
descendents (Burdine et al., 1998). If the effect of let-60 ras
activity on LIN-1 was solely negative, and lin-1 regulated
egl-17 expression in P6.p, then lin-1(lf) should allow
expression of the marker in this cell. However, we found
that in hermaphrodites homozygous for mutations that
reduce or eliminate lin-1 activity, egl-170gfp expression
is either much lower than in wild type or undetectable (Fig.
1A and Table 1). Thus, lin-1 is required positively for
proper early expression of the egl-170gfp marker.
P6.p is one of a group of six cells, P3.p–P8.p, that
together constitute the vulval equivalence group (Sulston
and White, 1980). In wild-type hermaphrodites, P5.p and
P7.p adopt the 2- cell fate whereas P3.p, P4.p and P8.p
adopt the 3- fate. Collectively, P3.p–P8.p are referred to as
the vulva precursor cells (VPCs). In lin-15(lf) or let-60(gf)
mutant hermaphrodites, in which the Ras pathway is
constitutively active, the egl-170gfp marker is also
expressed in other VPCs. In contrast to lin-15(lf) or let-
60(gf), lin-1(lf) did not cause the marker to be expressed at
high levels ectopically in these other cells (data not shown).
In wild type, the reporter is also expressed during the L4
stage in certain descendants of P5.p and P7.p (those that
give rise to vulC and vulD in the mature vulva) (Burdine et
al., 1998). Expression in these cells is termed Flate
expression_. Expression is also seen throughout larval
development and in adult worms in a neuron in the head
(Burdine et al., 1998). lin-1(lf) had no effect on the lateexpression of egl-170gfp in the descendents of VPCs
adopting the 2- cell fate (Fig. 1B) or in the head neuron
(data not shown).
lin-12 encodes the receptor for the lateral signal sent by
P6.p to P5.p and P7.p that induces them to adopt the 2- cell
fate (Greenwald, 1997). Besides promoting the expression
of 2--specific genes in P5.p and P7.p, lin-12 is also able to
downregulate Ras/MAP kinase activity in these cells by
upregulating the expression of lip-1, which encodes a MAP
kinase phosphatase (Berset et al., 2001). A lip-10gfp
reporter is initially expressed at equal levels in P3.p–P8.p.
Activation of LIN-12 in P5.p and P7.p leads to upregulation
of the reporter in these cells as well as their descendants
(Berset et al., 2001). Concomitantly, Ras signaling in P6.p
leads to downregulation of lip-10gfp in this cell and its
descendants. In most lin-1(0) mutants, lip-10gfp expression
in P6.p was abnormal (Fig. 2). In 20% of animals (n = 60),
the expression of lip-10gfp was upregulated rather than
downregulated and was expressed at the same level as that
in P5.p and P7.p in wild type. In 50% of the animals, the
reporter failed to be downregulated but was not upregulated.
In the remaining 30% of the animals, expression of the
reporter in P6.p resembled that in wild type. Thus, in the
majority of animals, the effect of lin-1 mutations on lip-
10gfp expression in P6.p is consistent with a reduction in
Ras signaling in this cell. The upregulation of lip-10gfp in
P5.p and P7.p seen in wild type also often failed to occur in
a lin-1(lf) mutant background suggesting that the lin-12
signaling pathway was not properly activated in these cells
(Fig. 2).
Expression of a lin-120gfp reporter in P6.p was also
abnormal in a lin-1 mutant. This marker is initially
expressed at equal levels in P3.p–P8.p and becomes
downregulated specifically in P6.p via a mechanism that
appears to be dependent upon transcription in P6.p (but not
the transcription of lin-12 itself) (Levitan and Greenwald,
1998). We found that lin-1(0) also prevented the proper
downregulation of lin-120gfp in P6.p (S. Tuck, unpub-
lished observations). Thus, lin-1 loss-of-function mutations
cause changes in the expression of markers for the 1- cell
fate similar to those seen in hermaphrodites harboring
mutations that reduce Ras/MAP kinase signaling.
lin-1 is required downstream of or in parallel to the
Ras/MAP kinase pathway for proper expression of
egl-170gfp in P6.p
Mutations that constitutively activate the Ras/MAP
kinase pathway such as loss-of function mutations in lin-
15 or gain-of-function mutations in let-60 cause ectopic
expression of egl-170gfp both during the L3 stage (early
expression) and during the L4 stage and after (late
expression) (Burdine et al., 1998). In lin-15 loss-of-function
mutants, in addition to P6.p, P4.p and P8.p frequently
express the marker during the L3 stage; P3.p also occa-
sionally does so. During the L4 and adult stages, egl-
Fig. 1. egl-17::gfp expression in lin-1 mutants. (A) Micrographs of hermaphrodite worms harboring an egl-17::gfp transgene, ayIs4, viewed with Nomarski
DIC (A, C, E, G, I, K) or fluorescence (B, D, F, H, J, L) optics. (A, B, E, F, I, J) P5.p, P6.p and P7.p in ayIs4 worms after zero (A, B), one (E, F) or two (I, J)
rounds of division. P6.p and its descendants are indicated with lines on the Nomarski DIC micrographs and with arrowheads on the fluorescence micrographs.
(C, D, G, H, K, L) P5.p, P6.p and P7.p in ayIs4; lin-1(sy254) hermaphrodites after zero (C, D), one (G, H) or two (K, L) rounds of division. P6.p and its
descendants are indicated on the Nomarski DIC micrographs. (B) Micrographs of L4 hermaphrodite worms harboring an egl-17::gfp transgene, ayIs4, viewed
with Nomarski DIC (A, C) or fluorescence (B, D) optics. (A, B) ayIs4 worms. (C, D) ayIs4; lin-1(e1777am).
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descendants of Pn.ps that have adopted the 2- cell fate
(Burdine et al., 1998). We found that the lin-1 defect seen in
the expression of egl-170gfp in P6.p was epistatic to lin-
15(lf), let-60(gf) and mpk-1(gf). lin-1(0); lin-15(lf), lin-1(0) let-60(gf) and mpk-1(gf); lin-1(0) double mutants were
strongly Multivulva but like lin-1(0) single mutants had
much reduced or undetectable expression of egl-170gfp in
P6.p, its daughters and granddaughters during the L3 stage
(Table 2). lin-1(0) also suppressed the ectopic early
Fig. 2. Expression of lip-1::gfp is frequently abnormal in lin-1(lf) mutants.
Micrographs of hermaphrodite worms harboring a lip-1::gfp transgene,
zhIs4, viewed with Nomarski DIC (A, C) or fluorescence (B, D) optics.
(A, B) zhIs4 in a wild-type (N2) genetic background. (C, D) zhIs4;
lin-1(n304). The positions of the daughters of P5.p, P6.p and P7.p are
indicated. In the N2 worm shown, the reporter is upregulated in P5.p
(strongly) and P7.p descendants, and downregulated in P6.p descendants.
In the lin-1(n304) mutant shown, expression is strongly upregulated in
P6.p descendants but not in P5.p or P7.p descendants. lip-1::gfp is
expressed in many cells other than the VPCs and their descendants (Berset
et al., 2001). lin-1(lf) had no obvious effect on the expression of the marker
in these other cells.
Table 1
Early egl-170gfp expressiona in lin-1 mutants
Genotype n % reduced/undetectable
early egl-170gfp
expressionb
ayIs4c 89 0
ayIs4; lin-1(n176) 31 100
ayIs4; lin-1(e1777) 33 100
ayIs4; lin-1(n304) 30 100
ayIs4; lin-1(ar147) 30 100
ayIs4; lin-1(n383) 31 100
ayIs4; lin-1(n1047) 33 100
ayIs4; lin-1(sy254) 31 100
ayIs4; lin-1(n431); him-5(e1467) 27 100
ayIs4; lin-1(n303) 29 100
ayIs4; lin-1(n757) 31 90
ayIs4; lin-1(n1790gf)d 32 100
ayIs4; lin-1(n1761gf) 30 87
syIs59 34 0
lin-1(n304); syIs59 32 100
syIs90 31 0
syIs90; lin-1(n304) 32 100
a FEarly egl-170gfp expression_ is expression in P6.p, its daughters or
granddaughters (Burdine et al., 1998). Expression was scored in P6.p only
in animals in which at least one VCP had divided.
b In most (>95%) of lin-1 mutant animals carrying the ayIs4 marker, gfp
expression in P6.p was completely undetectable. The markers syIs59 and
syIs90 are more sensitive than ayIs4. In 60% of lin-1 mutant hermaphro-
dites carrying these markers, some cfp or yfp expression was seen in P6.p
(as well as P5.p and P7.p) or its descendants. In all cases, however, the
expression observed was less than that seen in wild type.
c ayIs4 is an integrated array containing gfp under the control of a 4.1 kb
fragment from the egl-17 promoter (Burdine et al., 1998). syIs59 and
syIs90 are egl-170cfp and egl-170yfp reporters, respectively (Inoue et al.,
2002).
d The complete genotype was smg-1(r861) unc-54(r293); ayIs4; lin-
1(n1790). With the exception of n1790gf and n1761gf, all the lin-1 alleles
tested are likely to reduce or eliminate gene function (Beitel et al., 1995).
n304, sy254 and ar147 harbor large deletions affecting most of the coding
region; n176, e1777, n383, n431 and n757 contain nonsense mutations;
n1047 and n303 contain missense mutations (Beitel et al., 1995).
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15(lf), let-60(gf) or mpk-1(gf) mutants (data not shown).
The genes lin-12, lip-1 and mab-5 are all able to repress
the 1- vulval cell fate (Berset et al., 2001; Greenwald et al.,
1983). However, the defect in early egl-170gfp expression
in lin-1 mutant hermaphrodites does not appear to be caused
solely by inappropriate activation of these genes in P6.p:
the defect was not rescued by lin-12(0), lip-1(0) or mab-
5(0) (Table 2). The phenotype of some mutations that affect
vulval development can be rescued by progress through
dauer (Euling and Ambros, 1996). However, the early egl-
170gfp defect was not rescued in this way (Table 3).
lin-1 regulates egl-170gfp independently of lin-31
lin-31 has both positive and negative functions during
VPC fate specification (Miller et al., 1993). Furthermore,
LIN-31 binds LIN-1 in vitro (Tan et al., 1998). However, we
found that the effect of lin-1 on early egl-170gfp ex-pression is apparently not mediated through lin-31. First
egl-170gfp expression in P6.p is normal in a lin-31(0)
mutant (Table 3). Second the lin-1(lf) defect was epistatic to
lin-31(0).
The focus of lin-1 with respect to the egl-170gfp expression
defect
To elucidate whether lin-1 were required within the
VPCs or in other cells for the correct expression of egl-
170gfp in P6.p, we carried out experiments to determine
the focus of lin-1 activity with respect to the expression
defect. We induced RNAi against lin-1 specifically in the
VPCs by expressing a hairpin lin-1 dsRNA under the
control of a tissue-specific promoter from the lin-31 gene
(Tavernarakis et al., 2000). To prevent spreading of the
RNAi effect, we carried out the experiment in the
background of a mutation in the sid-1 gene, which is
required for systemic RNAi (Winston et al., 2002). 73%
(n = 91) of animals carrying the transgene showed reduced
or undetectable levels of egl-170gfp in P6.p consistent
with a requirement for lin-1 for correct egl-17 expression
within the VPCs themselves. Fig. 3 shows a representative
animal. The results of laser ablation experiments were also
consistent with a cell autonomous requirement for lin-1 in
P6.p for egl-170gfp expression. In hermaphrodites in
which the anchor cell and all the VPCs except P6.p were
ablated during the L1 stage, early expression of the
reporter was strongly reduced or absent in the isolated
Table 2
Epistasis tests with lin-1 with respect to early egl-170gfp expression
Genotype n % reduced/undetectable
early egl-170gfp
expressiona
ayIs4 89 0
ayIs4; lin-1(n304) 30 100
ayIs4; lin-15(n309) 35 0
ayIs4; lin-1(n304); lin-15(n309) 28 100
ayIs4; let-60(n1046gf) 33 0
ayIs4; lin-1(sy254)let-60(n1046gf) 31 100
ayIs4; gaIs36 36 0
ayIs4; lin-1(n304); gaIs36 32 100
ayIs4; lin-12(n941)b 24 0
ayIs4; lin-12(n941); lin-1(n304)c 22 100
ayIs4; lin-12(n676n930ts)d,e 34 0
ayIs4; lin-1(e1275ts)e 33 67
ayIs4; lin-12(n676n930);lin-1(e1275ts)e,f 34 65
ayIs4; lip-1(zh15) 31 0
ayIs4; lin-1(n304) lip-1(zh15) 32 100
ayIs4; mab-5(e2088) 33 0
ayIs4; mab-5(e2088); lin-1(n304) 30 100
a See Table 1 legend for definition of Fearly egl-170gfp expression_.
b Complete genotypes: ayIs4; ncl-1(1865)unc-36(e251)lin-12(n941).
c Complete genotypes: ayIs4; ncl-1(1865)unc-36(e251)lin-12(n941);
lin-1(n304).
d Complete genotypes: ayIs4; unc-32(e189) lin-12(n676n930ts).
e Animals were grown at 25-. lin-15(n309), lin-12(n941), lip-1(zh15) and
mab-5(e2088) are all likely to eliminate gene function (Berset et al., 2001;
Clark et al., 1994; Greenwald et al., 1983). lin-12(n676n930ts) is a
hypomorphic allele (Sundaram and Greenwald, 1993). gaIs36 harbors
activated mek-2 and mpk-1 MAP kinase (Lackner and Kim, 1998).
f Complete genotypes: ayIs4; unc-32(e189) lin-12(n676n930 ts);
lin-1(e1275ts) dpy-20(e1282).
Fig. 3. Reduction of lin-1 activity by RNAi in the VPCs reduces egl-
17::gfp expression. Micrographs of hermaphrodite worms viewed with
Nomarski DIC (A, C) or fluorescence (B, D) optics. (A, B) ayIs4
hermaphrodite. (C, D) ayIs4 worm expressing a hairpin double stranded
lin-1 RNA in the VPCs. Complete genotypes were (A, B) ayIs4; rrf-
3(pk1426); sid-1(qt2). (C, D) ayIs4; rrf-3(pk1426); sid-1(qt2); svEx349.
rrf-3(pk1426) increases the effect of RNAi on lin-1 (Simmer et al., 2002).
sid-1(qt2) prevents spreading of the RNAi effect between cells (Winston
et al., 2002). svEx349 harbors a transgene encoding a lin-1 hairpin dsRNA
under the control of the lin-31 gene promoter.
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ablated animals wild type with respect to lin-1 (in which
the anchor cell was left intact) (n = 10). Thus, the defect in
lin-1 mutants is not solely caused by aberrant signaling
between Pn.ps.Table 3
lin-1 regulates egl-170gfp expression independently of lin-31 or progress
through dauer
Genotype n % reduced/undetectable
early egl-170gfp
expression
ayIs4; lin-31(n301)a 35 0
ayIs4; lin-1(n304) 30 100
ayIs4; lin-1(e1275ts) 33 67
ayIs4: lin-31(n301); lin-1(e1275ts) 34 71
ayIs4; lin-31(n301); lin-1(n304) 29 100
ayIs4; daf-7(e1372ts)b 36 0
ayIs4; daf-7(e1372ts); lin-1(e1275ts)b 43 74
a Complete genotype is ayIs4; lin-31(n301); dpy-20(e1362) unc-22(e66).
b Animals were grown at 25-, the restrictive temperature for the dauer
constitutive mutation, daf-7(e1372ts). Dauer larvae were transferred to 15-
and allowed to exit dauer. Animals exiting dauer were allowed to grow at
25- for several hours before scoring GFP expression. lin-1(n301) is likely
to eliminate gene function (Miller et al., 1993). FEarly egl-170gfp
expression_ is expression in P6.p, its daughters or granddaughters (Burdine
et al., 1998). Expression was scored in P6.p only in animals in which at
least one VCP had divided.Activation of egl-170gfp expression is abnormal in
lin-1(gf) mutants
High affinity interaction between LIN-1 and MPK-1
requires the final 62 amino acids of LIN-1, a region that
includes a docking site for MPK-1 (Jacobs et al., 1998,
1999). The alleles lin-1(n1790gf) and lin-1(n1761gf)
encode proteins that lack the MPK-1 docking site and that
are not efficiently phosphorylated (Jacobs et al., 1998). egl-
170gfp expression was reduced or undetectable in most
hermaphrodites homozygous for either of these alleles
(Table 1) suggesting that LIN-1 must be phosphorylated
by MPK-1 in order to allow proper expression of the
reporter. The cell lineages of P5.p, P6.p and P7.p are normal
in more than 60% of lin-1(n1761gf) mutant hermaphrodites
(Jacobs et al., 1998). However, egl-170gfp is abnormally
low or absent in almost 90% of hermaphrodites of this
genotype (Table 1). Consistent with these observations, we
found that in 2/3 of ayIs4; lin-1(n1761gf) hermaphrodites in
which egl-170gfp expression was not detectable, P6.p
nevertheless generated a lineage that by morphological
criteria was wild type (n = 12). Thus, proper egl-170gfp
expression can be lost in lin-1(gf) mutants in which the
vulval lineages are apparently normal.
lin-1 has both positive and negative functions in other cells
that require Ras/MAP kinase signaling
The excretory duct cell
In the embryo, signaling between an as yet unidentified
cell and ABplpaaaapa induces the latter to adopt the
excretory duct cell fate (Sulston and White, 1980). In a
let-60 Ras null mutant, the excretory duct cell is absent;
conversely, let-60(n1046gf) hermaphrodites often have two
duct cells (Yochem et al., 1997). C. elegans worms lacking
zygotic let-60 Ras activity or a duct cell die as L1 larvae
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al., 1990).
Gain-of-function mutations in lin-1 cause a partially
penetrant L1 larval arrest phenotype that resembles that
caused by loss-of-function mutations in genes in the pathway
(Jacobs et al., 1998). Furthermore, lin-1 loss-of-function
mutations suppress the lethality caused by null mutations in
mek-2 (Kornfeld et al., 1995), ksr-1 (Sundaram and Han,
1995) or let-341 (Miley et al., 2004), three components of
the pathway acting downstream of Ras. Consistent with the
fact that lin-1(lf) mutations can suppress the lethality caused
by mutations in genes in the Ras pathway, we found that lin-
1(lf) mutations affected fate specification in the equivalence
group from which the excretory duct cell is derived. lin-1(lf)Fig. 4. lin-1 mutations affect specification of the excretory duct cell fate. Micro
viewed with Nomarski DIC (A–C, G–I) or fluorescence (D–F, J–L) optics. Wo
early L1 worms. (A, D) saIs14 in a wild-type (N2) genetic background. (B, E) sa
(I, L) lin-1(e1275) eor-1(cs28) worms derived from maternally rescued homozygo
duct cell. lin-1(lf) eor-1 double mutants, however, by the criterion of lin-48::gfp e
filled with fluid.mutants often had two duct cells rather than one as in wild
type (Fig. 4 and Table 4) and caused ectopic expression of a
marker for the duct cell fate, lin-480gfp (Johnson et al.,
2001). lin-1(lf) suppressed the zero duct cell defect in let-
60(0) (Table 4). lin-1(n1790gf) suppressed the 2 duct cell
phenotype caused by let-60(n1046gf).
The ability of lin-1(lf) mutants to suppress the lethality
associated with let-60(0), and the presence of two duct cells
in lin-1(lf) mutants suggests a role for lin-1 as a repressor of
the duct cell fate. However, analysis of the expression of the
lin-480gfp marker suggested that, in an eor-1 mutant
background, lin-1 apparently has a positive function in the
equivalence group from which the duct cell is derived. lin-1
eor-1 double mutant worms derived from homozygousgraphs of hermaphrodite worms harboring a lin-48::gfp transgene, saIs14,
rms in panels A–F are L3 stage hermaphrodites, those in panels G–L are
Is14; lin-1(e1275). (C, F) eor-1(cs28). (G, J) saIs14. (H, K) let-60(s1124).
us mutant mothers. lin-1(lf) mutant worms frequently have more than one
xpression lack the duct cell. Like let-60(0) mutants, they arrest as L1 larvae
Table 4
The effect of lin-1 mutations on cell fate specification in the excretory duct
cell equivalence group
Genotype Temperature (-C) n % 2 EDCa
lin-1(n304) 20 143 31
lin-1(sy254) 20 155 30
lin-1(e1275ts) 20 144 22
lin-1(e1275ts) eor-1(cs28) 20 80 6
let-60(s1124) 20 40 0
lin-1(e1275ts) let-60(s1124)b 20 95 13
let-60(n1046gf) 20 52 58
lin-1(n1790gf) let-60(n1046gf)c 20 44 0
lin-1(e1275ts) 25 90 41
eor-1(cs28) 25 57 0
lin-1(e1275ts) eor-1(cs28)d 25 52 2
lin-1(e1275ts) let-60(s1124)b 25 22 27
lin-15(n765ts)e 25 103 47
eor-1(cs28); lin-15(n765ts) 25 87 33*
lin-1(e1275ts) eor-1(cs28);
lin-15(n765ts)d
25 15 7*
a % of animals with two excretory duct cells (EDC). With the exception
of let-60(s1124), duct cells were scored according to Yochem et al. (1997).
For let-60(s1124), duct cells were scored by examining expression of the
duct cell marker saIs14(Johnson et al., 2001). With the exception of
let-60(s1124), all animals analyzed had at least one duct cell. 50% of
let-60(s1124) animals failed to express the duct cell marker at all; in the
remaining animals, some expression was seen but this was lower than that
seen in wild type.
b Complete genotypes: lin-1(e1275ts) unc-24(e138) let-60(s1124).
c Complete genotypes: unc-45(r293) smg-1(r861); lin-1(n1790gf)
let-60(n1046gf).
d Complete genotypes: homozygous mutant animals derived from
mothers heterozygous for lin-1(e1275ts) eor-1(cs28).
e Complete genotypes: unc-17(e245); lin-15(n765ts).
* P = 0.0179, Fisher’s Exact Test.
Table 5
Effects of lin-1 mutations on fate specification in the P11/P12 equivalence
group
Genotype Temperature
(-C)
n 2 P12
(%)
2 P11
(%)
lin-1(e1777) 20 45 0 0
lin-1(e1275ts) 20 44 0 0
lin-1(n1790gf)a 20 43 0 0
lin-1(n304) 20 46 0 0
lin-15(n309)b 20 115 32 0
lin-1(n1790gf); lin-15(n309)c 20 43 0 0
let-23(n1045) 20 56 0 13*
let-23(n1045); lin-1(e1275ts)d 20 83 1.2 0*
lin-1(e1275ts) let-60(s1124)e 20 24 1 0
egl-5(n486) 20 62 0 100
egl-5(n486); lin-1(sy254) 20 53 0 100
lin-44(e1792) 20 68 0 14.7**
lin-44(e1792); lin-1(n304) 20 76 1.3 35.5**
lin-15(n765ts) 25 56 42.8 0
lin-1(n1790gf); lin-15(n765ts) 25 38 5.2 0
a Complete genotypes: unc-54(r293) smg-1(r861); lin-1(n1790gf).
b Complete genotypes: unc-54(r293) smg-1(r861); him-5(e1490);
lin-15(n309).
c Complete genotypes: unc-54(r293) smg-1(r861); lin-1(n1790gf);
him-5(e1490); lin-15(n309).
d Complete genotypes: let-23(n1045) unc-4(e120); lin-1(e1275ts).
e Complete genotypes: lin-1(e1275ts) unc-24(e138) let-60(s1124)
unc-31(e169).
* P = 2.9106, Fisher’s Exact Test.
** P < 1106, Fisher’s Exact Test.
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appearance similar to that of let-60(0) mutant larvae
(Howard and Sundaram, 2002). Only 10% (n = 31) of lin-
1 eor-1 arrested larvae showed normal expression of the lin-
480gfp marker; in 45% of the animals, no expression was
observed in the region around the terminal bulb of the
pharynx where the excretory duct cell is normally situated
(Fig. 4). In the remaining 45%, expression was much weaker
than in wild type (or eor-1 single mutants). In addition, the
cell expressing the marker was displaced towards the ventral
surface of the worm. Many animals lacked an excretory duct.
lin-1 eor-1 had no obvious effect on the expression of the
reporter in other cells in the arrested larvae (data not shown).
The P11/P12 equivalence group
During the L1 stage, two posterior ventral hypodermal
cells initially both have the potential to adopt the P12 cell
fate. In wild type, only one of the two does so, the other cell
in the pair adopts the P11 cell fate instead (Sulston and
Horvitz, 1977). Mutations that affect Ras/MAP kinase
signaling, WNT signaling or egl-5 activity can each cause
a transformation in which the two precursors both adopt the
P11 fate (Jiang and Sternberg, 1998). Constitutive activation
of Ras/MAP kinase pathway can cause both precursors to
adopt the P12 cell fate (Jiang and Sternberg, 1998). Incontrast to constitutive expression of LIN-3 (Jiang and
Sternberg, 1998), the TGFa-like ligand that activates Ras/
MAP kinase signaling in the presumptive P12 cell, lin-1(0)
in an otherwise wild-type genetic background had no effect
on the fates adopted by P11 or P12. Two observations
suggest, however, that while removal of lin-1 activity is not
sufficient to cause P11 to adopt the P12 cell fate, lin-1 does
have a role in the specification of the fates of these cells.
First, a lin-1 hypomorphic mutation, e1275ts, suppressed the
2 P11 cell defect caused by let-23(n1045) (Table 5). Second,
lin-1(1790gf) suppressed the 2 P12 fate transformation
caused by lin-15(n309). The fact that a lin-1 loss-of-function
mutation can suppress the 2 P11-cell defect caused by a
mutation that reduces let-23 RTK activity, suggests a
negative role for lin-1 in specifying the P12 cell fate.
However, we also found evidence for a positive function for
lin-1 in specifying the P12 cell fate. lin-1(0) partially
enhanced the incompletely penetrant 2 P11 cell defect
caused by a null mutation in lin-44, which encodes a WNT
ligand involved in the specification of the P12 cell fate
(Table 5). Overexpression of lin-3 can also enhance the 2
P11 cell defect caused by lin-44(n1792) (Jiang and Stern-
berg, 1998), implying that under these circumstances
activation of the Ras pathway promotes the P11 fate.
The preanal ganglion equivalence group (PAG)
In males, three ventral hypodermal cells, P11.p, P10.p
and P9.p, constitute another equivalence group in which
Ras/Map kinase signaling is required for proper fate
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adopts the 1- fate, P10.p the 2- fate and P9.p the 3- fate
(these fates are different from those of the VPCs in the
hermaphrodite). P10.p generates cells that form the hook, a
structure used in mating; P11.p generates the hook
hypodermis and several neurons (Sulston and Horvitz,
1977). P9.p divides once (or sometimes not at all) to
generate cells that become part of the ventral hypodermis.
lin-1(e1275ts) causes a fate transformation of P9.p such that
in some animals it generates cells that form a rudimentaryFig. 5. Representative lineages of cells in the preanal ganglion equivalence group
Lineages in lin-1(e1275ts) males grown at 25-C. (D–F) Lineages in lin-1(n304
lin-1(n304); him-5(e1490).ectopic hook (Sulston and Horvitz, 1981). We followed the
lineages in lin-1(e1275) and lin-1(sy254) mutant males and
found that whereas the lineages of P11.p and P10.p were
wild type (Fig. 5), P9.p usually generated a lineage similar
to that of either P10.p or P11.p. In 3/7 lin-1(e1275ts) males
grown at 25-C, a rudimentary ectopic hook was formed. 5/9
lin-1(sy254) mutant males also had an ectopic hook.
Representative animals are shown in Fig. 6. The lin-1
loss-of-function phenotype suggests that lin-1 can function
as an inhibitor of the induced fates in the PAG.in lin-1 mutants. (A) Lineages in wild-type males for comparison. (B, C)
) males. The complete genotypes were: lin-1(e1275ts); him-5(e1490) and
Fig. 6. lin-1(lf) mutant males display rudimentary ectopic hooks. Micro-
graphs of wild-type and mutant males viewed with Nomarski DIC optics.
(A) Wild-type strain, N2. (B) lin-1(sy254); him-5(e1490). Large arrows
denote the hook at the normal position seen in both genotypes. The
arrowhead in B denotes a rudimentary ectopic hook. Note also that the
copulatory spicules are absent in the animal in B. Ras/MAP kinase
signaling is required for the fates of cells that give rise to the spicules
(Chamberlin and Sternberg, 1994). The absence of spicules in these lin-1
mutant males suggests that lin-1 may also be required for cells that give rise
to the spicules to adopt their correct fates.
Table 6
Epistatic relationships between lin-1 and lin-15 in an eor mutant
background
Genotype Average number
of descendants
from P5.p,
P6.p and P7.p
n % induced
P9.p
n
Wild type 22 17 0 19
eor-1(cs28) 22 25 0 22
lin-1(e1275) 22 26 86 21
lin-15(n309) 22 18 100 23
eor-1(cs28); lin-15(n309) 22a 15 84* 19
lin-1(e1275) eor-1(cs28) 17 10 33 21
lin-1(e1275) eor-1(cs28);
lin-15(n309)
18a 11 45* 11
eor-1(cs28) lip-1(zh15)b 22 24 nd nd
lin-1(e1275) eor-1(cs28)
lip-1(zh15)c
19 23 nd nd
a In these animals the gonad was ablated during the L1 stage.
b Complete genotypes: eor-1(cs28) unc-5(e53) lip-1(zh15).
c Complete genotypes: lin-1(e1275) eor-1(cs28) unc-5(e53) lip-1(zh15).
For genotypes where the vulval lineages appeared to be normal, to
determine the number of progeny of P5.p, P6.p and P7.p, hermaphrodites
were examined at the early L4 stage. For other genotypes, the lineages of
P5.p, P6.p and P7.p were followed. In calculating % induced P9.p in males,
we examined animals at the late L3/early L4 stage to determined whether
P9.p had generated more than 2 progeny.
* P = 0.0354, Fisher’s Exact Test.
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mutation lin-1 is required positively in the PAG, we first
followed the lineages of P9.p, P10.p and P11.p in lin-1(lf)
eor-1 mutant males. eor-1 partially suppressed the trans-
formation of P9.p seen in the lin-1(lf) single mutant but the
lineages of P10.p and P11.p in the double mutant were wild
type (Table 5). Analysis of the PAG lineages in males
homozygous for the let-60 null mutation, s1124, revealed
that these were also wild type (S. Tuck, unpublished
observations) indicating that the requirement for Ras
signaling for the specification of the fates of P10.p and
P11.p is less than in other equivalence groups. Analysis of
the lineages of cells in the PAG in lin-1(lf) eor-1; lin-15
triple mutants, however, revealed that, in the absence of eor-
1 activity, lin-1 also has a positive function in specifying the
fate of P9.p. In eor-1; lin-15 mutant males, P9.p is usually
induced such that it generates a lineage involving at least 2
rounds of division (Table 6). We found that, in lin-1(lf) eor-
1; lin-15 triple mutant males, P9.p usually adopted the 3-
cell fate.
Constitutive activation of the Ras/MAP kinase pathway does
not abrogate the positive requirement for lin-1 in an eor-1
mutant background
Maternally rescued lin-1(lf) eor-1 mutant hermaphro-
dites display a mixed Vulvaless and Multivulva phenotype
suggesting both positive and negative roles for lin-1 in VPC
fate specification in an eor-1 mutant background (Howard
and Sundaram, 2002). One way in which lin-1 might exert a
positive effect could be by acting as a repressor of anupstream inhibitor of the 1- fate. eor-1 and eor-2 mutations
by themselves confer a wild-type phenotype on vulval
development; together with mutations that partially reduce
Ras pathway activity, however, they are synthetic Vulvaless
(Rocheleau et al., 2002). Therefore, if lin-1(lf) led to the
expression of an inhibitor of Ras signaling, and Ras
signaling does more than inactivate lin-1, then a lin-1
eor-1 double mutant might display a Ras loss-of-function
phenotype. In this case, mutations that constitutively
activate Ras signaling would be epistatic to the lin-1(lf)
eor-1 synthetic Vul defect. We found, however, that even in
the background of a mutation in lin-15, which activates Ras
signaling (Clark et al., 1994; Huang et al., 1994), lin-1 eor-1
double mutant hermaphrodites still displayed a mixed
Multivulva and Vulvaless phenotype. In particular, P5.p,
P6.p and P7.p usually generated fewer than the normal
number of descendants (22) (Table 6). Thus, constitutively
activating the Ras pathway does not bypass the positive
requirement for lin-1 in an eor-1 mutant background. We
also found that lin-1(lf) eor-1 lip-1 triple mutant worms
resembled lin-1(lf) eor-1 double mutants implying that lin-
1’s positive function during vulval development in an eor-1
mutant background is not mediated solely through lip-1.
The positive role of lin-1 in an eor mutant background is
also not rescued by constitutive Ras activation during
specification of the excretory duct cell (EDC) fate. In
maternally rescued animals, lin-1(e1275ts) partially sup-
pressed the 2 EDC defect seen in eor-1; lin-15 double
mutants (Table 4). lin-15(lf) failed to rescue the rod-like
arrest of lin-1 eor-1 larvae derived from homozygous mutant
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larvae lacking maternal and zygotic activity of all three genes
arrest as rod-shaped larvae. 53% of arrested lin-1 eor-1; lin-
15 triple mutant larvae failed to express the duct cell marker,
lin-480gfp. The lin-1 eor-1 arrest phenotype was also not
rescued by let-60(gf) or lip-1(lf) (data not shown).Discussion
We have shown that lin-1 has a function in specifying the
fates of several cells in the worm that require Ras/MAP
kinase signaling. These results, together with those of others
(Beitel et al., 1995; Sulston and Horvitz, 1981; Wang and
Sternberg, 2000), suggest that lin-1 could be a target of the
pathway in most cells in which Ras acts. It is noteworthy,
however, that the extent to which cell fates in different
equivalence groups are affected by lin-1 mutations varies
significantly. lin-1(lf) mutations cause completely penetrant,
highly expressed defects on VPC fate specification (Beitel et
al., 1995); the effects in the P11/P12 group, however, are
only seen in sensitized genetic backgrounds. It will be
interesting in future to determine the reason for these
differences. Although lin-1 functions in many processes for
which the Ras/MAP kinase pathway is required, the
correlation is not absolute. We were unable, for example,
to find evidence that lin-1 functions either positively or
negatively in exit of germ cells from the pachytene stage of
meiosis even when we used sensitized genetic backgrounds
(T. Tiensuu and S. Tuck, unpublished results). lin-1(lf) also
does not affect sex myoblast migration (Sundaram et al.,
1996).
The effect of lin-1 mutations on egl-170gfp expression
in P6.p was unexpected given the previously reported lin-1
mutant phenotype (Beitel et al., 1995). In an otherwise wild-
type genetic background, lin-1 is not required positively for
the cell divisions executed by P6.p (Beitel et al., 1995). In
the majority of lin-1(0) mutant animals, P6.p generates a 1-
lineage that by morphological criteria is entirely normal.
Rather, lin-1’s positive function appears to allow the
appropriate expression of certain genes normally expressed
in P6.p or its descendants. It is clear that lin-1 does
negatively regulate at least one gene whose expression is
upregulated by Ras activity, namely lin-39 (Maloof and
Kenyon, 1998). The apparently contradictory facts that the
P6.p lineage appears to be normal by morphological criteria,
yet the pattern of gene expression abnormal, could be
reconciled if lin-1 were required positively (in an eor(+)
background) only for the expression of those genes whose
activity is not required cell autonomously for P6.p’s own
development, but rather for the correct development of other
cells. It is worth noting that neither lin-12 nor lip-1 are
required for the 1- cell fate (Berset et al., 2001; Greenwald
et al., 1983). EGL-17 FGF expressed in P6.p helps to direct
the migration of the sex myoblasts to the region where the
vulva will develop (Stern and Horvitz, 1991). It is possiblethat lin-1 acts at different steps during the time that the
anchor cell signals to P6.p: first during the time P6.p’s fate
is determined, second during the execution of the 1- fate.
Although genetically LIN-1 is clearly a regulator of the
1- fate, whether it functions biochemically as an activator or
a repressor of transcription in the worm is not known. To
date, no promoters in C. elegans have been shown to be
directly regulated by LIN-1. The N terminus of LIN-1 has
transcriptional repressor activity on a heterologous promoter
(Leight et al., 2005). Whether LIN-1 functions as an
activator at the egl-17 promoter will require biochemical
experiments. Presently, the fact that, in a wild-type eor
background, lin-1 negatively regulates lin-39 expression but
is required positively for early egl-170gfp expression could
be explained in several different ways. One possibility is
that lin-1 acts as a transcriptional repressor of lin-39 but that
one or more of the other genes lin-1 regulates is itself a
transcriptional repressor of egl-17 (and perhaps other genes
regulated by the pathway). Alternatively, LIN-1 could
directly repress transcription at the lin-39 promoter but
directly activate it at the egl-17 promoter. It should also be
noted in this context that although the effects of lin-1
mutations we have observed on lip-10gfp expression are
consistent with a role for lin-1 in regulating lip-1 expression
directly, the effects could also be indirect. Since lip-1 is
upregulated by lin-12 signaling, the failure of lip-10gfp to
be downregulated in P6.p in a lin-1 mutant might also be the
result of inappropriately high levels of lin-12 activity in
P6.p.
The fact that lin-1 causes aberrant expression of lip-1
suggests one possible explanation for LIN-1’s apparent
positive role, that lin-1 loss-of-function mutations could
cause LIP-1 or other inhibitors of the Ras pathway to be
expressed at inappropriately high levels. For example, such
mechanisms might explain why in maternally rescued lin-1
eor-1 double mutant hermaphrodites, P5.p, P6.p or P7.p
sometimes adopts the 3- cell fate (Howard and Sundaram,
2002). However, the observation that constitutive activation
of the Ras/MAP kinase pathway does not circumvent lin-1’s
positive requirement in an eor background suggests that lin-
1’s positive function is not simply to repress the expression
of an inhibitor of LIN-3 or LET-23.
The effect of lin-1 mutations on early egl-170gfp
expression could be explained if lin-1 was required in
hyp7 to repress the inhibitory signal sent to the VPCs from
this cell (Herman and Hedgecock, 1990), and that this signal
can repress early egl-17 expression. Since reducing lin-1
activity by the production of ds lin-1 RNA from the lin-31
promoter reduces early egl-170gfp expression, it is likely
that one focus for lin-1 is in the VPCs themselves. However,
a focus in hyp7 as well is not excluded by our results.
At a genetic level, lin-1 shows some similarities to the
Drosophila gene yan. yan encodes an ETS domain tran-
scription factor that functions downstream of the Ras/MAP
kinase pathway at several different stages of development in
flies (Hsu and Schulz, 2000). During development of the
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induction of the R7 photoreceptor cell fate, a phenotype
similar to that seen in flies with elevated Ras/MAP kinase
activity (O’Neill et al., 1994). Specification of the R7 fate
also involves a second ETS protein Pointed-P2 (PNT-P2)
(O’Neill et al., 1994), which is a positive regulator of this
fate. In the absence of Ras/MAP kinase activity, YAN
resides in the nucleus and inhibits cells from expressing R7-
specific genes. In response to activation of the Ras/MAP
kinase by the tyrosine kinase Sevenless, the MAP kinase
Rolled phosphorylates YAN thereby reducing its inhibitory
functions. Efficient phosphorylation of YAN requires MAE
(modulator of the activity of ETS) (Baker et al., 2001) and
results in facilitated export from the nucleus dependent upon
the exportin CRM1 (Tootle et al., 2003). Removal of YAN
from the nucleus allows PNT-P2 (activated by phosphory-
lation by Rolled) to promote the R7 fate. YAN, PNT-P2 and
MAE all contain a sterile a motif (SAM) domain (also
called pointed domain), which mediates protein–protein
interactions. No genes have been identified to date in C.
elegans with the genetic properties of PNT-P2 or MAE in
Drosophila. One possibility, therefore is that LIN-1 in C.
elegans has the function of both YAN and PNT-P2 in
Drosophila. However, it should be noted that LIN-1 is not
especially similar in sequence to either YAN or PNT-P2, and
does not contain a SAM domain. A further difference is that
whereas loss-of-function mutations in pnt-P2 are epistatic to
null mutations in yan (implying that PNT-P2’s positive
function is absolutely required for the R7 fate even in the
absence of YAN), lin-1’s positive functions do not preclude
cells from expressing many aspects of the induced cell fates.
In mammals, where ETS proteins have been most
intensely studied, the majority of ETS proteins analyzed
to date have, like Drosophila PNT-P2, been shown to
function as transcriptional activators (Mavrothalassitis and
Ghysdael, 2000). YAN and LIN-1 are members of a
relatively small group of such proteins which includes
ERF, NET and TEL that have been shown to have repressor
activity (Mavrothalassitis and Ghysdael, 2000). In addition,
the ETS protein Elk-1 has both repressor and activator
activities (Yang et al., 2001). Elk-1 is a ternary complex
factor (TCF), a subfamily of ETS proteins that act through a
ternary nucleoprotein complex with serum response factor
(SRF) (Marais et al., 1993). Elk-1 activates transcription in
response to phosphorylation by MAP kinase, in part at least
through hSur-2, a component of the Mediator complex
(Stevens et al., 2002). In C. elegans, sur-2 acts positively
during cell fate specification events mediated by Ras/MAP
kinase signaling (Singh and Han, 1995). Elk-1 also has
transcriptional repressor activity, which interestingly is
mediated by a motif (termed R) that is a target for SUMO
modification (Yang et al., 2003). One possibility consistent
with our results is that, like Elk-1, LIN-1 could have both
positive and negative functions at one and the same
promoter. Differently phosphorylated forms of LIN-1, for
example, might have different functions. Such a modelmight explain why dominant alleles of lin-1 encoding
proteins lacking a MAP kinase docking site affect egl-
170gfp induction in P6.p. It is also possible that different
promoters have different requirements for the different
forms of LIN-1. At some promoters, the positive require-
ment for LIN-1 function is stronger than the negative; at
others, LIN-1’s positive function is redundant with that of
EOR-1. Future biochemical studies should help to establish
more precisely how LIN-1 regulates cell fate in C. elegans.Acknowledgments
We thank Z. Shaik-Ibrahim for help in scoring egl-17::gfp
expression. We gratefully acknowledge the Caenorhabditis
Genetics Center, which is funded by the NIH National Center
for Research Resources, for strains, and E. Fa¨llman and
O. Axner for the use of their laser ablation apparatus. We
thank H. Chamberlin, A. Hajnal and M. Stern for markers,
M. Sundaram, A. Berk, N. Chen and I. Greenwald for
discussions, and L. Nilsson, G. Kao and M. Williams for
comments on the manuscript. This research was supported by
grants from Cancerfonden and the Wallenberg Foundation to
S.T. and a postdoctoral fellowship to M.K.L. from the Danish
Science Research Council.References
Baker, D.A., Mille-Baker, B., Wainwright, S.M., Ish-Horowicz, D., Dibb,
N.J., 2001. Mae mediates MAP kinase phosphorylation of Ets tran-
scription factors in Drosophila. Nature 411, 330–334.
Beitel, G.J., Clark, S.G., Horvitz, H.R., 1990. Caenorhabditis elegans ras
gene let-60 acts as a switch in the pathway of vulval induction. Nature
348, 503–509 (see comments).
Beitel, G.J., Tuck, S., Greenwald, I., Horvitz, H.R., 1995. The C. elegans
gene lin-1 encodes an ETS-domain protein and defines a branch of the
vulval induction pathway. Genes Dev. 9, 3149–3162.
Berset, T., Hoier, E.F., Battu, G., Canevascini, S., Hajnal, A., 2001. Notch
inhibition of RAS signaling through MAP kinase phosphatase LIP-1
during C. elegans vulval development. Science 291, 1055–1058.
Brenner, S., 1974. The genetics of Caenorhabditis elegans. Genetics 77,
71–94.
Burdine, R.D., Branda, C.S., Stern, M.J., 1998. EGL-17(FGF) expression
coordinates the attraction of the migrating sex myoblasts with vulval
induction in C. elegans. Development 125, 1083–1093.
Chamberlin, H.M., Sternberg, P.W., 1994. The lin-3/let-23 pathway
mediates inductive signalling during male spicule development in
Caenorhabditis elegans. Development 120, 2713–2721.
Chang, C., Newman, A.P., Sternberg, P.W., 1999. Reciprocal EGF signaling
back to the uterus from the induced C. elegans vulva coordinates
morphogenesis of epithelia. Curr. Biol. 9, 237–246.
Chisholm, A., 1991. Control of cell fate in the tail region of C. elegans by
the gene egl-5. Development 111, 921–932.
Church, D.L., Guan, K.L., Lambie, E.J., 1995. Three genes of the MAP
kinase cascade, mek-2, mpk-1/sur-1 and let-60 ras, are required for
meiotic cell cycle progression in Caenorhabditis elegans. Development
121, 2525–2535.
Clark, D.V., Rogalski, T.M., Donati, L.M., Baillie, D.L., 1988. The unc-
22(IV) region of Caenorhabditis elegans: genetic analysis of lethal
mutations. Genetics 119, 345–353.
Clark, S.G., Lu, X., Horvitz, H.R., 1994. The Caenorhabditis elegans locus
T. Tiensuu et al. / Developmental Biology 286 (2005) 338–351350lin-15, a negative regulator of a tyrosine kinase signaling pathway,
encodes two different proteins. Genetics 137, 987–997.
Clark, D.V., Suleman, D.S., Beckenbach, K.A., Gilchrist, E.J., Baillie, D.L.,
1995. Molecular cloning and characterization of the dpy-20 gene of
Caenorhabditis elegans. Mol. Gen. Genet. 247, 367–378.
Euling, S., Ambros, V., 1996. Reversal of cell fate determination in
Caenorhabditis elegans vulval development. Development 122,
2507–2515.
Ferguson, E.L., Horvitz, H.R., 1985. Identification and characterization of
22 genes that affect the vulval cell lineages of the nematode
Caenorhabditis elegans. Genetics 110, 17–72.
Golden, J.W., Riddle, D.L., 1984. A pheromone-induced developmental
switch in Caenorhabditis elegans: temperature-sensitive mutants reveal
a wild-type temperature-dependent process. Proc. Natl. Acad. Sci.
U. S. A. 81, 819–823.
Greenwald, I., 1987. Development of the vulva. In: Riddle, D.H.,
Blumenthal, B., Meyer, B., Priess, J.R. (Eds.), C. Elegans II. Cold
Spring Harbor Laboratory Press, Cold Spring Harbor, NY,
pp. 519–541.
Greenwald, I.S., Sternberg, P.W., Horvitz, H.R., 1983. The lin-12 locus
specifies cell fates in Caenorhabditis elegans. Cell 34, 435–444.
Han, M., Aroian, R.V., Sternberg, P.W., 1990. The let-60 locus controls the
switch between vulval and nonvulval cell fates in Caenorhabditis
elegans. Genetics 126, 899–913.
Hedgecock, E.M., Herman, R.K., 1995. The ncl-1 gene and genetic mosaics
of Caenorhabditis elegans. Genetics 141, 989–1006.
Herman, R.K., Hedgecock, E.M., 1990. Limitation of the size of the vulval
primordium of Caenorhabditis elegans by lin-15 expression in the
surrounding hypodermis. Nature 348, 169–171.
Herman, M.A., Vassilieva, L.L., Horvitz, H.R., Shaw, J.E., Herman, R.K.,
1995. The C. elegans gene lin-44, which controls the polarity of certain
asymmetric cell divisions, encodes a Wnt protein and acts cell
nonautonomously. Cell 83, 101–110.
Hill, R.J., Sternberg, P.W., 1992. The gene lin-3 encodes an inductive
signal for vulval development in C. elegans. Nature 358, 470–476
(see comment).
Hodgkin, J.A., Horvitz, H.R., Brenner, S., 1979. Nondisjunction mutants of
the nematode Caenorhabditis elegans. Genetics 91, 67–94.
Horvitz, H.R., Sulston, J.E., 1980. Isolation and characterization of cell-
lineage mutants of the nematode Caenorhabditis elegans. Genetics 96,
435–454.
Howard, R.M., Sundaram, M.V., 2002. C. elegans EOR-1/PLZF and
EOR-2 positively regulate Ras and Wnt signaling and function
redundantly with LIN-25 and the SUR-2 Mediator component. Genes
Dev. 16, 1815–1827.
Hsu, T., Schulz, R.A., 2000. Sequence and functional properties of Ets
genes in the model organism Drosophila. Oncogene 19, 6409–6416.
Huang, L.S., Tzou, P., Sternberg, P.W., 1994. The lin-15 locus encodes two
negative regulators of Caenorhabditis elegans vulval development.
Mol. Biol. Cell 5, 395–411.
Inoue, T., Sherwood, D.R., Aspock, G., Butler, J.A., Gupta, B.P., Kirouac,
M., Wang, M., Lee, P.Y., Kramer, J.M., Hope, I., Burglin, T.R.,
Sternberg, P.W., 2002. Gene expression markers for Caenorhabditis
elegans vulval cells. Mech. Dev. 119 (Suppl. 1), S203–S209.
Jacobs, D., Beitel, G.J., Clark, S.G., Horvitz, H.R., Kornfeld, K., 1998.
Gain-of-function mutations in the Caenorhabditis elegans lin-1 ETS
gene identify a C-terminal regulatory domain phosphorylated by ERK
MAP kinase. Genetics 149, 1809–1822.
Jacobs, D., Glossip, D., Xing, H., Muslin, A.J., Kornfeld, K., 1999.
Multiple docking sites on substrate proteins form a modular system that
mediates recognition by ERK MAP kinase. Genes Dev. 13, 163–175.
Jiang, L.I., Sternberg, P.W., 1998. Interactions of EGF, Wnt and HOM-C
genes specify the P12 neuroectoblast fate in C. elegans. Development
125, 2337–2347.
Johnson, A.D., Fitzsimmons, D., Hagman, J., Chamberlin, H.M., 2001.
EGL-38 Pax regulates the ovo-related gene lin-48 during Caenorhab-
ditis elegans organ development. Development 128, 2857–2865.Kenyon, C., 1986. A gene involved in the development of the posterior
body region of C. elegans. Cell 46, 477–487.
Kimble, J., 1981. Alteration in cell lineage following laser ablation of
cells in the somatic gonad of Caenorhabditis elegans. Dev. Biol. 87,
286–300.
Kornfeld, K., Guan, K.-L., Horvitz, H.R., 1995. The C. elegans gene mek-2
is required for vulval induction and encodes a protein similar to the
protein kinase MEK. Genes Dev. 9, 756–768.
Lackner, M.R., Kim, S.K., 1998. Genetic analysis of the Caenorhabditis
elegans MAP kinase gene mpk-1. Genetics 150, 103–117.
Leight, E.R., Glossip, D., Kornfeld, K., 2005. Sumoylation of LIN-1
promotes transcriptional repression and inhibition of vulval cell fates.
Development 132, 1047–1056.
Levitan, D., Greenwald, I., 1998. LIN-12 protein expression and locali-
zation during vulval development in C. elegans. Development 125,
3101–3109.
Maloof, J.N., Kenyon, C., 1998. The Hox gene lin-39 is required during
C. elegans vulval induction to select the outcome of Ras signaling.
Development 125, 181–190.
Marais, R., Wynne, J., Treisman, R., 1993. The SRF accessory protein
Elk-1 contains a growth factor-regulated transcriptional activation
domain. Cell 73, 381–393.
Mavrothalassitis, G., Ghysdael, J., 2000. Proteins of the ETS family with
transcriptional repressor activity. Oncogene 19, 6524–6532.
Miley, G.R., Fantz, D., Glossip, D., Lu, X., Saito, R.M., Palmer, R.E.,
Inoue, T., Van Den Heuvel, S., Sternberg, P.W., Kornfeld, K., 2004.
Identification of residues of the Caenorhabditis elegans LIN-1 ETS
domain that are necessary for DNA binding and regulation of vulval cell
fates. Genetics 167, 1697–1709.
Miller, D.M., Shen, M.M., Shamu, C.E., Burglin, T.R., Ruvkun, G.,
Dubois, M.L., Ghee, M., Wilson, L., 1992. C. elegans unc-4 gene
encodes a homeodomain protein that determines the pattern of synaptic
input to specific motor neurons. Nature 355, 841–845.
Miller, L.M., Gallegos, M.E., Morisseau, B.A., Kim, S.K., 1993. lin-31, a
Caenorhabditis elegans HNF-3/fork head transcription factor homolog,
specifies three alternative fates in vulval development. Genes Dev. 7,
933–947.
Moghal, N., Sternberg, P.W., 2003. The epidermal growth factor system in
Caenorhabditis elegans. Exp. Cell Res. 284, 150–159.
O’Neill, E.M., Rebay, I., Tjian, R., Rubin, G., 1994. The activities of
two Ets-related transcription factors required for Drosophila eye
development are modulated by the Ras/MAPK pathway. Cell 78,
137–147.
Page, B.D., Guedes, S., Waring, D., Priess, J.R., 2001. The C. elegans E2F-
and DP-related proteins are required for embryonic asymmetry and
negatively regulate Ras/MAPK signaling. Mol. Cell 7, 451–460.
Pulak, R., Anderson, P., 1993. mRNA surveillance by the Caenorhabditis
elegans smg genes. Genes Dev. 7, 1885–1897.
Rocheleau, C.E., Howard, R.M., Goldman, A.P., Volk, M.L., Girard, L.J.,
Sundaram, M.V., 2002. A lin-45 raf enhancer screen identifies eor-1,
eor-2 and unusual alleles of Ras pathway genes in Caenorhabditis
elegans. Genetics 161, 121–131.
Simmer, F., Tijsterman, M., Parrish, S., Koushika, S.P., Nonet, M.L., Fire,
A., Ahringer, J., Plasterk, R.H., 2002. Loss of the putative RNA-
directed RNA polymerase RRF-3 makes C. elegans hypersensitive to
RNAi. Curr. Biol. 12, 1317–1319.
Singh, N., Han, M., 1995. sur-2, a novel gene, functions late in the let-60
ras-mediated signalling during Caenorhabditis elegans vulval induc-
tion. Genes Dev. 9, 2251–2265.
Stern, M.J., Horvitz, H.R., 1991. A normally attractive cell interaction is
repulsive in two C. elegans mesodermal cell migration mutants.
Development 113, 797–803.
Stevens, J.L., Cantin, G.T., Wang, G., Shevchenko, A., Berk, A.J., 2002.
Transcription control by E1A and MAP kinase pathway via Sur2
mediator subunit. Science 296, 755–758.
Sulston, J., Horvitz, H.R., 1977. Postembryonic lineages of the nematode
Caenorhabditis elegans. Dev. Biol. 56, 110–156.
T. Tiensuu et al. / Developmental Biology 286 (2005) 338–351 351Sulston, J.E., Horvitz, H.R., 1981. Abnormal cell lineages in mutants of the
nematode Caenorhabditis elegans. Dev. Biol. 82, 41–55.
Sulston, J.E., White, J.G., 1980. Regulation and cell autonomy during
postembryonic development of Caenorhabditis elegans. Dev. Biol. 78,
577–597.
Sundaram, M., Greenwald, M., 1993. Genetic and phenotypic analysis of
hypomorphic lin-12 mutants in Caenorhabditis elegans. Genetics 135,
755–763.
Sundaram, M., Han, M., 1995. The C. elegans ksr-1 gene encodes a novel
Raf-related kinase involved in Ras-mediated signal transduction. Cell
83, 889–901.
Sundaram, M., Yochem, J., Han, M., 1996. A Ras-mediated signal
transduction pathway is involved in the control of sex myoblast
migration in Caenorhabditis elegans. Development 122, 2823–2833.
Tan, P.B., Lackner, M.R., Kim, S.K., 1998. MAP kinase signaling
specificity mediated by the LIN-1 Ets/LIN-31 WH transcription factor
complex during C. elegans vulval induction. Cell 93, 569–580.
Tavernarakis, N., Wang, S.L., Dorovkov, M., Ryazanov, A., Driscoll, M.,
2000. Heritable and inducible genetic interference by double-stranded
RNA encoded by transgenes. Nat. Genet. 24, 180–183.Tootle, T.L., Lee, P.S., Rebay, I., 2003. CRM1-mediated nuclear export
and regulated activity of the receptor tyrosine kinase antagonist
YAN require specific interactions with MAE. Development 130,
845–857.
Wang, M., Sternberg, P.W., 2000. Patterning of the C. elegans 1-
vulval lineage by RAS and Wnt pathways. Development 127,
5047–5058.
Winston, W.M., Molodowitch, C., Hunter, C.P., 2002. Systemic RNAi in C.
elegans requires the putative transmembrane protein SID-1. Science
295, 2456–2459.
Yang, S.H., Vickers, E., Brehm, A., Kouzarides, T., Sharrocks, A.D., 2001.
Temporal recruitment of the mSin3A-histone deacetylase corepressor
complex to the ETS domain transcription factor Elk-1. Mol. Cell. Biol.
21, 2802–2814.
Yang, S.H., Jaffray, E., Hay, R.T., Sharrocks, A.D., 2003. Dynamic
interplay of the SUMO and ERK pathways in regulating Elk-1
transcriptional activity. Mol. Cell 12, 63–74.
Yochem, J., Sundaram, M., Han, M., 1997. Ras is required for a limited
number of cells fates and not for general proliferation in Caenorhabditis
elegans. Mol. Cell. Biol. 17, 2716–2722.
